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We study the sensitivities of future precision Higgs measurements and electroweak observables in probing
physics beyond the Standard Model. Using effective field theory—appropriate since precision measurements
are indirect probes of new physics—we examine two well-motivated test cases. One is a tree-level example
due to a singlet scalar field that enables the first-order electroweak phase transition for baryogenesis. The other
is a one-loop example due to scalar top in the MSSM. We find both Higgs and electroweak measurements are
sensitive probes of these cases.
For decades, experimental efforts have chased the Higgs
boson like the holy grail while, at the same time, theoreti-
cal pursuits have tried to make sense of all of its unnatural
and mysterious features. Having discovered a “Higgs bo-
son” [1, 2], these unnatural and mysterious features imme-
diately become pressing questions. Models of new physics
address these questions by making the Higgs more natural if
we can avoid a finely-tuned cancellation between the bare pa-
rameter and the quadratic divergence in its mass-sqaured and
less mysterious if we can explain why there is only one scalar
in the theory and what dynamics causes it to condense in the
Universe.
Obviously we need to study this new particle as precisely as
we can, which calls for an e+e− collider such as ILC or a cir-
cular machine (TLEP/CEPC). ILC has been through an inten-
sive internatinonal study through six-year-long Global Design
Effort that released the Technical Design Report in 2013 [3].
Given the technical readiness, we hope to understand the fis-
cal readiness in the next few years. The studies on a very high
intensity circular machine have just started [4].
In the past, precision measurements using electrons re-
vealed the next important energy scale and justified the next
big machine. The polarized electron-deuteron scattering at
SLAC measured the weak neutral currents precisely [5],
which led to the justification of Spp¯S and LEP colliders to
study W/Z bosons. The precision measurements at SLC/LEP
predicted the mass of the top quark [6] and the Higgs bo-
son [7], which were verified at the Tevatron [8, 9] and
LHC [1, 2], respectively. We hope that precision measure-
ments of the Higgs boson will again point the way to a definite
energy scale.
In this letter, we study what precision Higgs measurements
may tell us for two very different new physics scenarios. One
is a singlet scalar coupled to the Higgs boson, where impacts
arise at the tree level. It can achieve first-order electroweak
phase transition which would allow electroweak baryogene-
sis. The other is the scalar top in the Minimal Supersymmet-
ric Standard Model (MSSM), where impacts arise at the one-
loop level. It will help minimize the fine-tuning in the Higgs
mass-squared. In both cases, we find the sensitivities of future
precision Higgs and precision electroweak measurements are
similar.
THE STANDARD MODEL EFFECTIVE FIELD THEORY
Precision physics programs offer indirect probes of new
physics, thereby neccesitating a model-independent frame-
work to analyze potential patterns of deviation from known
physics. This framework is most naturally formulated in the
language of an effective field theory (EFT) which, for our in-
terests, consists of the Standard Model (SM) supplemented
with higher-dimension interactions,
Leff = LSM +
∑
i
1
Λdi−4
ciOi. (1)
In the above, Λ is the cutoff scale of the EFT, Oi are dimen-
sion di operators that respect the SU(3)c×SU(2)L×U(1)Y
gauge invariance of LSM, and ci are their Wilson coefficients.
In the following, we loosely use the term Wilson coefficient
to refer to either ci or the operator coefficient, ci/Λdi−4. The
meaning is clear from context.
Effective field theories are arguably the most appropriate
framework for studying the indirect probes of a precision pro-
gram. However, we need to know just how big do we ex-
pect the Wilson coefficients to be in well-motivated models
of beyond the Standard Model (BSM) physics. To shed light
on this question, for the models studied in this letter we first
integrate out heavy states and obtain the Wilson coefficients
of the generated higher-dimension operators and then relate
these coefficients to measurable Higgs observables.
In practice, due to suppression by the high scale Λ, the irrel-
evant operators kept in the EFT are truncated at some dimen-
sion. The estimated per mille sensitivity of future precision
Higgs programs, together with the present lack of evidence
of BSM physics coupled to the SM, justifies keeping only the
lowest dimension operators in the effective theory. In the SM
effective theory this includes a single dimension-five opera-
tor that generates neutrino masses (that we henceforth ignore)
and dimension-six operators.
There is a caveat in interpreting Wilson coefficients as the
inverse of heavy particle masses if BSM states couple directly
to the Higgs. The Wilson coefficients in Eq. (1) are com-
puted with mass parameters in the Lagrangian, while the ac-
tual mass eigenvalues receive additional contribution from the
2OGG = g2s |H |2GaµνGa,µν OH = 12
(
∂µ |H |2
)2
OWW = g2 |H |2W aµνW a,µν OT = 12
(
H†
↔
DµH
)2
OBB = g′2 |H |2BµνBµν OR = |H |2 |DµH |2
OWB = 2gg′H†taHW aµνBµν OD =
∣∣D2H∣∣2
OW = ig
(
H†ta
↔
DµH
)
DνW aµν O6 = |H |6
OB = ig′YH
(
H†
↔
DµH
)
∂νBµν O2G = − 12
(
DµGaµν
)2
O3G = 13!gsfabcGaµρ Gbνµ Gcρν O2W = − 12
(
DµW aµν
)2
O3W = 13!gǫabcW aµρ W bνµ W cρν O2B = − 12
(
∂µBµν
)2
TABLE I. dimension-six bosonic operators for our analysis.
Higgs vev and mixings. This difference is accounted for by
higher-dimension operators which are dropped in our analy-
sis. Therefore, the experimental sensitivities on Wilson coef-
ficients do not translate directly into those on heavy particle
masses. We will quantify this difference in each example.
We now turn our attention to the dimension-six operators
relevant for our analysis. Since many of the most sensitive
probes of Higgs properties involve only bosons, we restrict
our attention to the purely bosonic dimension-six operators
listed in Table I. Some of these operators are redundant be-
cause they can be rewritten by other dimension-six operators
using the SM equations of motion (e.g. O2G) [10, 11]. We
maintain these so-called redundant operators in our analysis
because (1) their impact on physical observables remains most
transparent and (2) they are directly generated using standard
techniques of integrating out heavy states. While the relation-
ship between some of these operators and physical observ-
ables can be found in the literature (e.g. [12–16]), we provide
elsewhere the complete mapping between the operators in Ta-
ble I and physical observables as well as techniques for ob-
taining their Wilson coefficients from UV models [17].
Over the past year there has been much progress on under-
standing the SM EFT and its relation to Higgs physics. We
briefly comment on some of these developments (see [16] for
a recent review). A common theme is the basis of operators
in the effective theory; a complete basis of dimension-six op-
erators contains 59 operators [11]. The choice of this basis is
not unique; however, maintaining a complete basis is crucial
for consistent treatment of renormalization group (RG) evolu-
tion within the EFT [18]. Several different bases are common
in the literature [11, 19, 20] (see [16] for comparison), and
even these are often slightly tweaked [12, 13]. Our choice of
operators in Table I coincides with [13], supplemented by the
operators OD and OR. After specifying a (potentially over-
complete) basis, the Wilson coefficients can be mapped onto
physical observables [12–17]. An overcomplete basis con-
taining redundant operators may also be used, although the
RG evolution requires some care [12, 13, 18]. Global fits and
constraints on the size of Wilson coefficients in the EFT have
also been analyzed [12–14, 21].
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FIG. 1. 2σ contours of future precision measurements on the singlet
model in Eq. (2). Regions below the contours will be probed. The
magenta contour is the 2σ sensitivity to the universal Higgs oblique
correction in Eq. (4) at ILC 500up. Blue contours show the 2σ RG-
induced constraints from the S and T parameters in Eqs. (9)-(10)
from current measurements (solid) [26] and future sensitivities at
ILC GigaZ (dashed) [27] and TLEP TeraZ (dotted) [28]. Regions
of a viable first order EW phase transition, from Eq. (12), are shown
in the gray, hatched regions for k = 1 and 4π.
A MASSIVE SINGLET
We consider a heavy gauge singlet that couples to the SM
via a Higgs portal
L = LSM + 1
2
(∂µS)
2 − 1
2
m2SS
2 −A|H |2S
−1
2
k|H |2S2 − 1
3!
µS3 − 1
4!
λSS
4. (2)
There are several motivations for studying this singlet model.
This single additional degree of freedom can successfully
achieve a strongly first-order electroweak phase transition
(EWPT) [22]. Additionally, singlet sectors of the above
form—with particular relations among the couplings—arise
in the NMSSM [23] and its variants, e.g. [24, 25]. Finally,
the effects of Higgs portal operators are captured through the
trilinear and quartic interactions S |H |2 and S2 |H |2, respec-
tively.
For mS ≫ mH the singlet can be integrated out; at tree
level the resultant low-energy theory contains a finite correc-
tion to the Higgs potential as well as the operators OH and
O6:
Leff = LSM+ A
2
2m2S
|H |4+ A
2
m4S
OH−
(
A2k
m4S
−A
3µ
m6S
)
O6. (3)
Upon electroweak symmetry breaking, OH modifies the
wavefunction of the physical Higgs h and therefore univer-
3sally modifies all the Higgs couplings,
Leff ⊃
(
1 +
2v2
m2S
cH
)
1
2
(∂µh)
2 ⇒ δZh = 2v
2
m2S
cH , (4)
where cH = A2/m2S . This universal Higgs oblique correction
δZh can be quite sensitive to new physics [29–31] since future
lepton colliders, such as the ILC, can probe it at the per mille
level [32]. In Fig. 1, we show the 2σ contour of this oblique
correction. The contour is obtained by combining the future
expected sensitivities of Higgs couplings across all 7 channels
in Table 1-20 of [32] for an ILC 500up program, except for the
hγγ channel where we used the updated value provided by the
second column in Table 6 of [33]. As shown, the ILC is quite
sensitive to this oblique correction, exploring masses up to
several TeV and much of the parameter space of the singlet’s
couplings to the SM.
In addition to the oblique correction, OH will generate
measurable contributions to electroweak precision observ-
ables (EWPO) under renormalization group evolution. The
anomalous dimension matrix γij characterizes the RG mixing
amongst dimension-six operators in the SM EFT from a UV
scale Λ to the weak scale mW ,
ci(mW ) = ci(Λ)−
1
16π2
γijcj(Λ) log
Λ
mW
. (5)
The anomalous dimension matrix has been recently com-
puted [12, 13, 15, 18, 34]. We use the results of [13]. 1
Of the EWPO, we find the S and T parameters to be the
most constraining; in terms of the operators in Table I the S
and T parameters are given by
S =
4 sin2 θW
α
m2W
Λ2
[
4cWB + cW + cB
]
(mW ), (6)
T =
1
α
2v2
Λ2
cT (mW ), (7)
where v = 174 GeV. RG evolution of OH generates the op-
erators OW ,OB, and OT with anomalous dimension coeffi-
cients [13]
γcH→cW = γcH→cB = −
1
3
, γcH→cT =
3
2
g′2. (8)
For the singlet model at hand,
S =
1
6π
[2v2
m2S
cH(mS)
]
log
mS
mW
, (9)
T = − 3
8π cos2 θW
[2v2
m2S
cH(mS)
]
log
mS
mW
. (10)
1 We note that the work [13] calculates γij within a complete operator basis
even though they provide only a subset of the full anomalous dimension
matrix. Further, upon changing bases, the results of [13] agree with another
recent computation of the full anomalous dimension matrix [15, 18, 34].
It is worth noting that S and T are highly correlated—current
fits find a correlation coefficient of +0.91 [26]—while the RG
evolution of cH generates S and T in the orthogonal direction
of this correlation, as depicted in Fig. 3. This orthogonality
feature enhances the sensitivity of EWPO to oblique Higgs
corrections, even when the new physics does not directly cou-
ple to the EW sector.
The current best fit of the S and T parameters are [26]
S = 0.05± 0.09, T = 0.08± 0.07 . (11)
This precision is already sensitive to potential next-to-leading
order physics which typically comes with a loop suppresion,
as in our singlet model. Future lepton colliders will signif-
icantly increase the precision measurements of S and T ; a
GigaZ program at the ILC would increase precision to ∆S =
∆T = 0.02 [3, 27] while a TeraZ program at TLEP estimates
precision of ∆S = 0.007, ∆T = 0.004 [4, 28]. Constraints
on our singlet model from current and prospective future lep-
ton collider measurements of S and T are shown in Fig. 1.
As seen in the figure, the combination of increased precision
measurements together with the fact that the singlet generates
S and T in the anti-correlated direction, makes these EWPO
a particularly sensitive probe of the singlet. Note that the ap-
parent lack of improvement by GigaZ is an artifact of current
non-zero central values in S and T .
As previously mentioned, this simple singlet model can
achieve a strongly first-order EW phase transition. Essentially,
this occurs by having a negative quartic Higgs coupling while
stabalizing the potential with O6,
VH ∼ a2 |H |2 − a4 |H |4 + a6 |H |6 ,
for positive coeffiecients a4,6. Within a thermal mass approx-
imation,2 a first-order EWPT occurs when [22]
4v4
m2H
<
2m4s
kA2
<
12v4
m2H
, (12)
where we have set µ = 0 for simplicity. The lower bound
comes from requiring EW symmetry breaking at zero temper-
ature, while the upper bound comes from requiring a4 > 0,
which guarantees the phase transition is first order.
The region of viability for a strongly first-order EWPT
within the singlet model is shown in Fig. 1, for nominal values
of the coupling k (note that k has an upper limit of k . 4π
from perturbativity and lower limit k > 0 from stability). Cur-
rent EWPO already constrain a substantial fraction of the vi-
able parameter space, while future lepton colliders will probe
the entire parameter space.
Finally, we comment on the accuracy of the present calcu-
lation. Upon EW symmetry breaking, H → v + h/√2, the
2 A full one-loop calculation at finite temperature does not drastically alter
the bounds in Eq. (12); the lower bound remains the same, while the upper
bound is numerically raised by about 25% [35]. This region is still well
probed by future lepton colliders.
4singlet gains an additional contribution to its mass-squared of
order kv2 and mixes with h. The light eigenstate of this mix-
ing is the physical Higgs with mass 125 GeV. As discussed
earlier, these effects make the mass eigenvalue of the heavy
scalar differ from the inverse of the Wilson coefficient in the
effective Lagrangian Eq. (3). The difference is of the order of
kv2
m2S
×max
[
1,
A2
m2S
]
.
We note that this difference is very small over most of the
region shown in Fig. 1.
LIGHT SCALAR TOPS
As a second benchmark scenario, we consider the MSSM
with light scalar tops (stops) and examine the low energy
EFT resultant from integrating out these states. Stops hold
a priviledged position in alleviating the naturalness problem,
e.g. [36]. This motivates us to consider a spectrum with
light stops while other supersymmetric partners are decou-
pled. Since the stops carry all SM gauge quantum numbers,
all of the dimension-six operators in Table I are generated at
leading order (1-loop). Therefore, they also serve as an excel-
lent computational example to estimate the parametric size of
Wilson coefficients of the operators in Table I resultant from
heavy scalar particles with SM quantum numbers. Since the
Wilson coefficients are generated at 1-loop leading order, we
discard, as an approximation, the relatively smaller RG run-
ning effects (2-loop) of the Wilson coefficients.
When we integrate out the multiplet φ = (Q˜3, t˜R)T , we
take degenerate soft masses m2
Q˜3
= m2
t˜R
≡ m2
t˜
for simplic-
ity. We computed the Wilson coefficients using a covariant
derivative expansion [17, 38, 39] and checked them against
standard Feynman diagram techniques. The resultant Wil-
son coefficients are listed in Table II, where ht ≡ mt/v and
Xt = At − µ cotβ.
As in the previously considered singlet model, these Wil-
son coefficients will correct Higgs widths universally through
Eq. (4), as well as contribute to S and T parameters through
Eq. (6)-(7). In contrast to the singlet case, the stops con-
tribute to both the oblique correction (via OH ) and EWPOs
(via OWB , OW , OB and OT ) at leading order (1-loop). Ad-
ditionally, vertex corrections to h → gg and h → γγ decay
widths—arising from OGG, OWW , OBB , and OWB—are
sensitive probes since these are loop-level processes within
the SM. The deviations from the SM decay rates are given by
ǫhgg ≡ Γhgg
ΓSMhgg
− 1 = (4π)
2
ReASMhgg
16v2
m2
t˜
cGG, (13)
ǫhγγ ≡ Γhγγ
ΓSMhγγ
− 1 = (4π)
2
ReASMhγγ
8v2
m2
t˜
(cWW + cBB − cWB),
(14)
where ASMhgg and ASMhγγ are the standard form factors in their
respective SM decay rates (see, e.g., [40]).
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FIG. 2. 2σ contours of precision Higgs and EW observables as a
function of mt˜ and Xt in the MSSM. The contours show 2σ sensi-
tivity of ILC 500up to the universal Higgs oblique correction (ma-
genta) and modifications of h → gg (brown) and h → γγ (green).
Constraints from S and T parameters are shown in blue for current
measurements (solid), ILC GigaZ (dashed), and TLEP TeraZ (dot-
ted). The shaded red region shows contours of Higgs mass between
124-127 GeV in the MSSM [37]. The shaded gray regions are un-
physical because one of the stop mass eigenvalues becomes negative.
2σ sensitivity contours are shown in Fig. 2. We stress that
here we are focused on the experimental sensitivities on the
scalar top mass, while assuming improvements on relevant
theoretical uncertainties will catch up in time. Analogous to
the case of the singlet model, mt˜ in the plot differs from the
mass eigenvalue by about 1
2
m2t
m2
t˜
× max (1, X2t
m2
t˜
)
. As seen in
Fig. 2, future precision Higgs and EW measurements from
the ILC offer comparable sensitivities while a TeraZ program
significantly increases sensitivity. Moreover, the most natural
region of the MSSM—where Xt ∼
√
6mt˜ and mt˜ ∼ 1 TeV
(e.g. [41])—can be well probed by future precision measure-
ments.
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